Ligand binding to cell surface receptors initiates both signal transduction and endocytosis. Although signaling may continue within the endocytic compartment, down-regulation is the major mechanism that controls the concentration of cell surface receptors, their ability to receive environmental signals, and the ultimate strength of biological signaling. Internalization, recycling, and trafficking of receptor tyrosine kinases (RTKs) within the endosome compartment are each regulated to control the overall process of down-regulation. We have identified the Na ؉ /H ؉ exchanger regulatory factor (NHERF) as an important molecular component that stabilizes epidermal growth factor receptors (EGFRs) at the cell surface to restrict receptor down-regulation. The NH 2 -terminal PDZ domain (PDZ 1) of NHERF specifically binds to an internal peptide motif located within the COOH-terminal regulatory domain of EGFR. Expression of NHERF slows the rate of EGF-induced receptor degradation. A point mutation that abolishes the PDZ 1 recognition sequence of EGFR enhances the rate of ligand-induced endocytosis and down-regulation of EGFR. Similarly, expression of a dominant negative mutant of NHERF enhances EGF-induced receptor down-regulation. In contrast to ␤-adrenergic receptors where NHERF enhances recycling of internalized receptors, NHERF stabilizes EGFR at the cell surface and slows the rate of endocytosis without affecting recycling. Although the mechanisms differ, for both RTKs and G protein-coupled receptors, the overall effect of NHERF is to enhance the fraction of receptors present at the cell surface.
INTRODUCTION
Ligand-induced down-regulation of receptor tyrosine kinases (RTKs) is the major cellular mechanism that controls the concentration of cell surface receptors and thus biological responses to extracellular ligands (Sorkin and von Zastrow, 2002) . Mechanisms providing for down-regulation can be overcome when RTKs such as the epidermal growth factor receptor (EGFR) and erbB2 are amplified and overexpressed, contributing to excessive tumor cell growth (Yarden and Sliwkowski, 2001) . The known general features of EGFR down-regulation include 1) a ligand-induced increase in the rate of endocytosis of ϳ10-fold (Wiley et al., 1991) . This is the rate-limiting step in the process of downregulation and most endocytosis occurs via clathrin-coated pits (Carpenter et al., 1982) . Sequences located in the regulatory COOH terminus of EGFR are essential for this process (Chang et al., 1993) . 2) Migration through progressively acidified endosomes where pH-sensitive dissociation of ligand from receptor occurs (French et al., 1995) . 3) Transit of endosomes containing EGFR to the vicinity of the endoplasmic reticulum where the tyrosine phosphatase PTP1B resides (Haj et al., 2002) . Dephosphorylation of EGFR by PTP1B releases SH2 and PTB domain signaling proteins associated with activated, self-phosphorylated EGFR so these can be reused. 4) Trafficking to the lysosome where receptor and ligand are degraded (Futter et al., 1996) . Short peptide motifs (sequence codes) within the cytoplasmic domains of RTKs are necessary for both endocytosis and trafficking to lysosomes. The COOH terminus of EGFR contains aYXX endocytic motif that binds the subunit of adaptor protein 2 and NPXY type endocytic motifs whose molecular target is not clearly defined (Sorkin and Carpenter, 1993; Nesterov et al., 1995) . Lysosomal targeting sequences (YLVI) are also present (Opresko et al., 1995; Kornilova et al., 1996; Jones et al., 2002) . Additionally, monoubiquitination catalyzed by cbl for EGFR provides cargo information that is recognized by the cellular sorting machinery (Levkowitz et al., 1998; Mosesson et al., 2003) .
Additional mechanisms are important in controlling the overall process of receptor down-regulation. In the present studies, we identify the Na ϩ /H ϩ exchanger regulatory factor (NHERF) as an important molecular component that stabilizes EGFR at the cell surface and retards receptor down-regulation. The NH 2 -terminal PDZ domain (PDZ 1) of NHERF specifically binds to an internal peptide motif within the 164-aa COOH-terminal regulatory domain of EGFR. A point mutation within this motif that abolishes PDZ 1 binding enhances the rate of ligand-induced EGFR down-regulation. A mutant form of NHERF that does not bind EGFR also enhances EGFR down-regulation, supporting the conclusion that NHERF functions to retain EGFR at the cell surface. NHERF, which is important for ligandinduced trafficking of ␤ 2 -adrenergic receptors (Cao et al., 1999) , is also an important regulator of ligand-induced EGFR down-regulation.
MATERIALS AND METHODS

Reagents
A polyclonal anti-hEGFR antiserum was made by immunizing rabbits with a KLH-coupled peptide corresponding to the extreme COOH terminus of hEGFR, amino acids SEFIGA (Zhong et al., 2002) . The SEFIGA antibody was purified by absorption to an immobilized peptide affinity column. The 528 mouse monoclonal anti-EGFR was used as described previously (Gill et al., 1984) .
125 I-EGF was obtained from PerkinElmer Life and Analytical Sciences (Boston, MA). The EGFR tyrosine kinase inhibitor tyrphostin 1478 was obtained from Sigma-Aldrich (St. Louis, MO). Monoclonal mouse anti-FLAG IgG HϩL, anti-phosphotyrosine antibody PY99 and anti-phospho-extracellular signal-regulated kinase (ERK) antibody E4 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and Texas Red EGF was from Molecular Probes (Eugene, OR). Goat anti-NHERF was obtained from Santa Cruz Biotechnology.
Isolation of NHERF
The COOH terminus of hEGFR, residues 1022-1186, was cloned in frame as an EcoRI/BamHI fragment into pGEX-2TK (Pharmacia, Peapack, NY). GST-TK-EGFR 1022-1186 was expressed in BL21 DE3pLysS cells and purified on glutathione-agarose. The probe was labeled at the protein-kinase A phosphorylation site by using [␥ 32 P]ATP and the purified catalytic subunit of A-kinase provided by Dr. Susan Taylor. A protein-protein interaction overlay screen of an e16 mouse embryo Ex Lox expression library (Novagen, San Diego, CA) was performed as described previously (Jurata et al., 1996) . Positive clones were plaque purified, subcloned from the phage, and inserts were identified by DNA sequencing.
Mutations and Expression Vectors
Mutations in hEGFR (L1043F and L1063F) were introduced using QuikChange (QIAGEN, Valencia, CA) according to the manufacturer's instructions. The same mutations were introduced into GST-EGFR 1022-1186. The consensus sequence GYGF was mutated to GYAA in the PDZ 1 (G25A/ F26A) and PDZ 2 (G163A/F164A) domains of NHERF also by using the QuikChange procedure. All mutations were verified by DNA sequencing. Primer sequences are available upon request.
Wild-type (WT) and mutant EGFR were cloned into the PX vector for preparation of stable B82 cell lines (Lin et al., 1986) and into the pCEP4 vector (Invitrogen, Carlsbad, CA) for expression in human embryonic kidney (HEK) 293 cells. WT and L1043F EGFR cell lines were matched for EGFR number as assessed by Western blotting. NHERF was cloned into a modified pcDNA vector that contains an NH 2 -terminal luciferase leader and FLAG epitope tag (Jurata and Gill, 1997) .
Glutathione S-Transferase (GST) Pulldown Assays
NHERF PDZ 1 (aa 12-97) and PDZ 2 (aa 151-236) were cloned in frame into pGEX-5 ϫ -3 as BamHI/XhoI fragments by using polymerase chain reaction (PCR). GST-PDZ domains and GST-EGFR 1022-1186 (WT and mutant) were expressed in BL21 cells and purified on glutathione-agarose affinity columns. FLAG-tagged NHERF or EGFR were prepared by transfecting HEK 293 cells with the expression plasmids by using the Effectene Reagent (QIAGEN). Cells were lysed in buffer containing 25 mM Tris-HCl (pH 7.5), 300 mM NaCl, 1% Triton X-100, 200 M leupeptin, 400 mM benzamidine, 2 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride; insoluble material was removed by centrifugation. The supernatant was incubated with 20 g of immobilized GSTfusion proteins at 4°C for 3 h, washed three times with phosphate-buffered saline (PBS) containing 0.1% Tween 20, boiled in Laemmli sample buffer, and separated on 4 -12% bis-Tris PAGE (NuPage; Invitrogen). Proteins were transferred to nitrocellulose membranes overnight; blots were blocked with PBS/ 0.1% Tween 20/2% bovine serum albumin, and proteins were detected using anti-FLAG or SEFIGA antibodies. Blots were developed using enhanced chemiluminescence (ECL) and scanned with an LKB Ultrascan XL enhanced laser densitometer.
Preparation of Stable Expressor B82 Cell Lines
Mouse B82 L cells that do not express endogenous EGFR were transfected with WT or L1043F EGFR in the PX vector that contains a mutant dihydrofolate reductase gene (Chen et al., 1987) and with WT, mutant PDZ 1, or mutant PDZ 2 NHERF in pcDNA3 FLAG that carries a neo R gene. Clonal lines were selected using 1 M methotrexate and 500 g/ml G418. Expression in clonal lines was verified using Western blotting.
Measurement of Internalization and Recycling Rates
The specific internalization rates of WT, L1043F EGFR, and WT EGFR in cells expressing NHERF mutant in its PDZ 1 domain were determined by measuring the initial rates of endocytosis of 125 I-EGF (Chang et al., 1993) . Data are plotted as described by Wiley and Cunningham (1982) ), and endocytic rate constants were calculated from the slope of the line. e defines the probability of a ligand-occupied receptor being internalized in 1 min at 37°C under initial rate conditions. The rate of recycling (x) of internalized 125 I-EGF was measured using a modification of the method described by French et al. (1995) . B82 cells expressing WT hEGFR, L1043F mutant EGFR, and WT EGFR with WT NHERF or PDZ 1 mutant NHERF were characterized using this steadystate sorting assay that measures the fraction of 125 I EGF ligand sorted to recycling versus degradation as a function of the number of intracellular ligand molecules. B82 cells were incubated for 2-3 h at 37°C with the following concentrations of 125 I-EGF: 0.1, 0.3, 1.0, 3.0, 10.0, and 30.0 ng/ml. Cells were then washed with room temperature PBS and incubated on ice for 2 min with a mild acid strip containing no urea. The acid strip was aspirated to remove any surface bound ligand, and the cells were washed two times with room temperature PBS. Cells were then returned to 37°C with excess unlabeled EGF (1 g/ml). After incubating for 10 min, media were collected and centrifuged at 10,000 rpm to separate recycled and degraded 125 I-EGF by using a centrifugal filter unit with a 5000 molecular weight cut-off (Millipore, Billerica, MA). Cells were then places back on ice, washed five times with ice-cold WHIPS buffer (Wiley et al., 1991) , and incubated for 8 min with 2 M urea acid strip. The acid strip was removed from the cells, and radioactivity was counted to determine the amount of surface bound ligand. Cells were solubilized in 1 N NaOH, and the radioactivity was used to determine the amount of intracellular ligand. From the media samples, the radioactive counts were used to calculate the values of recycled and degraded ligand at each concentration.
Immunofluoresence Microscopy
COS 7 cells were transfected with pcDNA-FLAG-NHERF by using Effectine, grown on coverslips for 16 h, placed on ice, rinsed, and incubated with 500 ng/ml Texas Red-labeled epidermal growth factor (EGF) for 60 min. Medium was removed and cells were washed to remove unbound EGF. Cells were transferred to 37°C for the indicated times and then fixed with 2% paraformaldehyde/PBS. Cells were blocked with 2.5% fetal bovine serum and permeabilized with 0.1% Triton X-100. Cells were stained with anti-FLAG antibody (1:5000), washed and incubated with goat anti-mouse IgG HϩL chains conjugated to Alexa Fluor 488. Omission of primary antibody was used as a negative control. Cells were viewed using a 63ϫ/1.4 numerical aperture Zeiss oil immersion objective on a Zeiss Axioskop fluorescence microscope equipped with a 640 ϫ 480 pixel COHU Interline Transfer charge-coupled device camera (Coher, San Diego, CA).
RESULTS
Interaction of NHERF with Sequences within the COOH Terminus of EGFR
The COOH terminus of EGFR distal to the tyrosine kinase core (residues 958-1186) is a regulatory domain that contains both the principal sites of autophosphorylation and sequence codes necessary for trafficking within the endocytic system ( Figure 1 ). To identify proteins that interact with regulatory sequences in this region, we screened an e16 mouse embryo expression library with [ 32 P]GST EGFR 1022-1186. From a screen of 1.2 ϫ 10 6 colonies, we isolated four clones, all of which corresponded to full-length NHERF. NHERF, which was initially identified as a cofactor for cAMP-mediated inhibition of the renal Na ϩ /H ϩ exchanger isoform 3 (NHE3) (Weinman et al., 1993; Yun et al., 1997) , has subsequently been implicated in a number of processes, including trafficking of G protein-coupled receptors (Cao et al., 1999) , function of the cystic fibrosis transmembrane conductance regulator (CFTR) (Hall et al., 1998a) and signaling via the parathyroid hormone and plateletderived growth factor (PDGF) receptors (Maudsley et al., 2000; Voltz et al., 2001; Mahon et al., 2002) . As shown in Figure 1 , NHERF contains two PDZ domains and a COOHterminal region that binds Ezrin, Radixin, Merlin, and Moesin (ERM domain) (Bretscher et al., 2000) . The EGFR-inter-acting protein isolated corresponds to NHERF 1; a second closely related isoform, NHERF 2 (E3KARP), exists (Yun et al., 1997) .
Erb B2 and erb B4 contain COOH-terminal PDZ domain binding motifs, whereas EGFR (erb B1) and erb B3 do not. The COOH terminus of Erb B2 binds both the PDZ domains of erbin and of Lin 7, and these interactions have been implicated in the membrane distribution and surface retention of erb B2 (Borg et al., 2000; Huang et al., 2001; Shelly et al., 2003) . The COOH terminus of EGFR does not bind the PDZ domains of either erbin or Lin 7. Because EGFR lacks a COOH-terminal PDZ binding motif, we sought an internal sequence corresponding to those present at the COOH terminus of well documented NHERF targets such as the ␤ 2 -adrenergic receptor, the purinergic receptor P2Y1, and CFTR (amino acids DSLL, DTSL, and DTRL, respectively) (Hall et al., 1998a,b; Cao et al., 1999) . Two related sequences in EGFR 1022-1186 were identified: DSFL and DTFL (Figure 1 ). Point mutations were made in each of these two sequences, singly or together, and interactions with NHERF were investigated using GST pulldown assays. As shown in Figure 2A , FLAGepitope-tagged NHERF interacts strongly with GST-EGFR 1022-1186. Mutation of site 1 (L1043F) markedly reduced the interaction (87% decrease), whereas mutation of site 2 (L1063F) had lesser effects (46% reduction). Mutation of both sites (L1043F/L1063F) largely abolished NHERF binding (90% reduction). These results identify the DSFL sequence at residues 1040 -1043 of EGFR as the principal site where NHERF binds.
Specificity of the NHERF PDZ 1 Domain for the COOH Terminus of EGFR
To identify the PDZ domain of NHERF that recognized the site in the COOH terminus of EGFR, PDZ 1 and PDZ 2 domains of NHERF were cloned into pGEX-5 ϫ -3, and the resulting GST fusion proteins were incubated with HEK 293 extracts from cells expressing EGFR. As shown in Figure 3A , PDZ 1 of NHERF specifically recognized EGFR. EGFR was not recognized by PDZ 2 of NHERF nor by PDZ domains of erbin (Borg et al., 2000) , cypher (Zhou et al., 1999) , enigma homolog (Kuroda et al., 1996) , or disks large (Woods and Bryant, 1989) .
The specificity of PDZ 1 for recognition of EGFR was confirmed by analysis of the interaction of WT and mutant G25A/F26A PDZ 1 or mutant G163A/F164A PDZ 2 or NHERF containing both mutations with GST-EGFR1022-1186. As shown in Figure 3B , WT and the PDZ 2 NHERF mutant (G163A/F164A) bound to GST-EGFR1022-1186. However, no binding was observed with NHERF that contained a mutation in the PDZ 1 domain (G25A/F26A NHERF) or with NHERF that contained mutations in both PDZ domains.
The specificity of PDZ 1 of NHERF for binding to the COOH terminus of EGFR was assessed by creating the same point mutation studied in GST-EGFR 1022-1186 in holo EGFR. WT EGFR or L1043F EGFR was expressed in HEK 293 cells, and solubilized receptors were incubated with GST-PDZ 1, GST-PDZ 2 of NHERF, or GST alone. WT EGFR specifically bound to GST-PDZ 1 but did not bind to GST-PDZ 2 or to GST alone ( Figure 2B ). The L1043F mutant EGFR failed to bind to GST-PDZ 1, confirming that PDZ 1 of NHERF specifically recognizes the DSFL 1043 sequence in EGFR.
Independence of NHERF Interaction from the Activation State of EGFR
To confirm the interaction between EGFR and NHERF, we immunoprecipitated endogenous EGFR from HeLa and A431 cells and probed for endogenous NHERF. As shown in NHERF was initially identified based on interaction with a nonphosphorylated COOH-terminal fragment of EGFR, suggesting the interaction was independent of the ligand-activated, autophosphorylated state of EGFR. Erbin preferentially interacts with nonactivated erb B2 (Borg et al., 2000) , whereas NHERF preferentially interacts with ligand bound but not kinase-active platelet-derived growth factor receptor (PDGFR) (Demoulin et al., 2003) . To investigate possible effects of EGFR activation on interactions with NHERF, we used immunoprecipitation of proteins that were coexpressed in HEK 293 cells. As shown in Figure 4B , the interaction of NHERF with EGFR was independent of the addition of EGF. To evaluate a possible role of autophosphorylation, the EGFR tyrosine kinase inhibitor tyrphostin 1478 was added to HEK 293 cells before the addition of EGF. Although the inhibitor effectively blocked EGF-induced receptor autophosphorylation, it did not affect interactions of NHERF with EGFR. The interaction of the two proteins thus seems independent of ligand binding and autophosphorylation of EGFR.
Effect of Expression of NHERF on Down-Regulation of EGFR
To investigate the effects of NHERF on EGFR, FLAG-tagged NHERF was transfected into HeLa cells, and the time course of ligand-induced endogenous EGFR down-regulation was measured. As shown in Figure 5A , NHERF reduced the rate of EGF-induced EGFR down-regulation as measured by loss of EGFR mass. This effect was confirmed in multiple experiments indicating that NHERF prolonged the half-life of ligand-activated EGFR in HeLa cells approximately twofold (t 1/2 ϪNHERF 55 min vs. t 1/2 ϩ NHERF 140 min). NHERF did not affect the levels of EGFR in the absence of EGF (our unpublished data). Loss of EGFR mass approximates k deg because the rate of new receptor synthesis compared with receptor turnover is Ͻ10% (Lauffenburger, 1993). Western blotting with an anti-phosphotyrosine antibody indicated that NHERF prolonged activation of EGFR as assessed by self-phosphorylation ( Figure 5B ). When triplicate assays were performed, EGF increased tyrosine phosphorylation of EGFR 21-fold at 60 min. By 180 min, this had decreased by 70% in the absence of NHERF, but there was no decrease in the presence of NHERF. Thus, NHERF decreased ligand-induced loss of EGFR mass and prolonged the activated state of EGFR. The effects of NHERF on EGFR were accompanied by prolonged activation of the downstream signaling protein ERK ( Figure 5C ). In the absence of NHERF, EGF increased phospho-ERK fivefold at 60 min, and this activation decreased by 60% at 150 min. In the presence of NHERF, ERK remained fully active at 150 min.
Effects of Mutation of the NHERF Binding Site in the COOH Terminus of EGFR and of Expression of Mutant NHERF on Ligand-Induced Receptor Down-Regulation
To further assess the functional importance of the EGFR-N-HERF interaction, EGFR containing a point mutation in the principal binding site for PDZ 1 of NHERF (L1043F EGFR) was stably expressed in B82 cells that lack endogenous EGFR (Lin et al., 1986) . WT or NHERF mutant in PDZ 1 that abolishes binding to EGFR (G25A/F26A NHERF) or in PDZ 2 that does not (G163A/F164A NHERF) was introduced into B82 cells expressing WT EGFR, and clonal expressor lines also were selected. After selection of stable expressor cell lines, the kinetics of ligand-induced EGFR down-regulation were measured. HeLa and A431 cells were lysed and EGFRs were immunoprecipitated using the mouse monoclonal antibody 528. Immunoprecipitates were dissolved and analyzed by Western blotting by using the anti-EGFR antibody SEFIGA and the anti-NHERF antibody at 1:1000 dilution. Only minor amounts of EGFR and NHERF were detected using control IgG precipitates. (B) Direct interaction of NHERF with unmodified EGFR sequences. EGFR and FLAG-tagged NHERF were expressed in HEK 293 cell. Cells were treated with 0.5 M tyrphostin 1478 for 2 min. EGF (100 ng/ml) was then added where indicated for 5 min. Cells were solubilized in the lysis buffer containing 1% Triton X-100 used for GST pulldown assays and immunoprecipitated with anti-FLAG antibody. Western blotting was carried out using SEFIGA anti-EGFR or anti-phosphotyrosine antibodies. The presence of NHERF in immunoprecipitates was confirmed by separately analyzing the lower half of the gel by using anti-FLAG antibodies. Left, equal amounts of EGFR in immune complexes in cells treated without or with EGF and tyrphostin 1478. Right, confirms that tyrphostin 1478 inhibited autophosphorylation of EGFR. No proteins were detected using control IgG as an immunoprecipitant (our unpublished data).
At the indicated times after addition of 100 nM EGF, whole cell EGFR mass was determined by Western blotting and densitometry. The time course of the decrease in EGFR mass is shown in Figure 6A . As observed in transient transfections in HeLa cells, expression of NHERF slowed the rate of EGFinduced receptor degradation in B82 cells. In contrast, the rate of ligand-induced degradation of L1043F EGFR was increased compared with that of WT EGFR. The cell lines contained the same number of WT or L1043F mutant EGFR per cell (our unpublished data). From multiple experiments, the calculated t 1/2 for ligand-treated WT EGFR was 3.7 Ϯ 0.76 h compared with 1.97 Ϯ 0.46 h for L1043F EGFR in B82 cells. Mutating the site of NHERF interaction thus significantly accelerated the rate of ligand-induced EGFR down-regulation. This result supports the observation that NHERF retards ligand-induced receptor down-regulation. To further test this hypothesis, we mutated PDZ 1 of NHERF (G25A/F26A) and PDZ 2 of NHERF (G163A/F164A) and stably expressed these forms of NHERF in B82 cells containing WT EGFR. Because NHERF forms specific dimers (Lau and Hall, 2001) , the PDZ 1 NHERF mutant, which failed to bind the COOH terminus of EGFR, was predicted to act as a dominant negative inhibitor of endogenous NHERF. As shown in Figure 6B , the mutant G25A/F26A NHERF significantly enhanced the rate of EGF-induced WT EGFR down-regulation (from multple experiments t 1/2 ϭ 2.17 Ϯ 0.29 h). In contrast, the G163A/F164A PDZ 2 mutant NHERF, which did not affect EGFR binding, acted like WT NHERF in stabilizing EGFR. Densitometry analysis indicated that 4 h after addition of EGF cells expressing the PDZ 1 mutant NHERF had lost 62% of EGFR compared with cells expressing the PDZ 2 mutant that had lost only 32% of EGFR. Together, these results from multiple experiments summarized in Figure 6C indicate that NHERF slows the rate of ligandinduced EGFR down-regulation.
Retention of EGFR at the Cell Surface NHERF could slow the rate of ligand-induced receptor down-regulation by retaining EGFR at the cell surface or by enhancing the rate of recycling of endocytosed EGFR or by a combination of both. We first examined the colocalization of EGFR and NHERF. As shown in Figure 7A , both receptorbound EGF and NHERF are colocalized at the surface of COS7 cells. After 10 min at 37°C, EGF internalized via receptor-mediated endocytosis into early endosomes. NHERF, however, remained at the cell surface and failed to cointernalize with EGF. These results suggest that the principal interaction between EGFR and NHERF occurs at the cell surface.
To evaluate the relative effects of NHERF on endocytosis and on recycling of EGFR, we compared the rates of endo- cytosis and recycling of 125 I-EGF in B82 cells expressing WT EGFR without or with PDZ 1 mutant NHERF. The rate of endocytosis of 125 I-EGF was measured under initial rate conditions and plotted as the relative amount of surfacebound and internalized ligand as a function of time (the In/Sur plot of Wiley and Cunningham, 1982) . As shown in Figure 7B , in cells expressing PDZ1 mutant NHERF, ligandoccupied EGFRs have an endocytic rate constant 1.5-fold higher than that in cells expressing WT NHERF (e ϭ 0.23 Ϯ 0.03 for WT vs. 0.35 Ϯ 0.07 for PDZ 1 mutant NHERF (n ϭ 5; ϮSEM). In replicate experiments the e for L1043F EGFR was directly compared with that of WT EGFR and was found to be 1.5-fold greater (ke ϭ 0.31 vs. 0.21.
The rates of recycling of endocytosed 125 I-EGF were compared in cells expressing WT EGFR, L1043F EGFR, or WT EGFR in the presence of WT NHERF or in the presence of the PDZ 1 mutant NHERF ( Figure 7C ). Recycling was assessed by a steady-state sorting assay (French et al., 1995) . The recycling rate constants were between 0.024 and 0.033 min Ϫ1 , and the percentage recycled was between 50 and 60% for all four cell types. The rates of recycling of ligand and the percentage recycled were thus identical in these four cell types that exhibit significantly different ligand-induced rates of degradation.
DISCUSSION
NHERF is an adaptor protein that plays a larger biological role than its originally identified function to mediate cAMP inhibition of renal Na ϩ /H ϩ exchanger 3 (Voltz et al., 2001) . NHERF contains two PDZ domains and a COOH-terminal domain that binds the ERM family of proteins, which link membrane proteins to the actin cytoskeleton. Although PDZ domains classically bind to short specific sequence motifs located at the extreme COOH terminus of membrane proteins by forming an antiparallel ␤ sheet whose pentultimate hydrophobic amino acid fits into a hydrophobic pocket in the PDZ domain (Doyle et al., 1996) , binding to nonterminal ␤ hairpin structures in proteins also occurs and uses the same PDZ domain binding site (Oschkinat, 1999) .
The interactions between EGFR and NHERF involve the NH 2 -terminal PDZ domain (PDZ 1) of NHERF and an internal sequence in the COOH-terminal regulatory domain of EGFR. This EGFR sequence, DSFL, is homologous to the classical COOH-terminal sequences of the ␤-adrenergic receptor, the purinergic P2Y1 receptor, and CFTR that also bind PDZ 1 of NHERF (Hall et al., 1998a; Cao et al., 1999) . The interaction between EGFR and PDZ 1 of NHERF seems specific as NHERF PDZ 2, and a variety of PDZ domains from other proteins failed to recognize EGFR.
NHERF and EGFR are colocalized at the cell membrane. The major effect of the interaction between the two proteins is to stabilize EGFR at this location. Mutation of a single amino acid in the COOH terminus of EGFR that abolishes binding of PDZ 1 of NHERF approximately doubles the rate of ligand-induced EGFR down-regulation. This results from an enhanced rate of endocytosis of ligand-occupied EGFR. Comparison of the rates of recycling of internalized ligand in B82 cells expressing WT EGFR, L1043F EGFR, or WT EGFR with WT NHERF or PDZ 1 mutant NHERF indicated that NHERF does not affect the rate of recycling. The observations that abolishing NHERF interactions enhance ligandinduced down-regulation indicate that NHERF functions to limit the rate of EGFR down-regulation. Interaction with NHERF may tether EGFR at the cell surface; binding of NHERF also may interfer with binding of Grb 2 to nearby sites (aa 1068 and 1086). Because Grb 2 binding to activated EGFR is necessary for ligand-induced internalization of receptors (Jiang et al., 2003) , this would decrease the rate of endocytosis.
The effects of NHERF on the rate of endocytosis of EGFR seem sufficient to account for the overall effects on ligandinduced down-regulation of EGFR as predicted from kinetic analysis. In the limiting case where most internalized ligand is degraded rather than being recycled ( k x/ k deg Ͻ Ͻ1), the rate of degradation will be diminished twofold when the value of k e is diminished twofold. This is compatible with the fact that endocytic internalization is rate-limiting for degradation. In the opposite extreme where most of the internalized ligand is recycled rather than degraded ( k x/ k degϾ1), the degradation rate will diminish twofold when the value of k e/ k x is diminished twofold. The measured effects of NHERF on k e thus accounts for its principal effects on k deg. Reduction of k e and/or increase of k x will serve to increase Cs, at least moderately so the factor by which the degradation rate is diminished will be somewhat less than that by which k e or k e/ k x is reduced. NHERF binds to the extreme COOH terminus of several G protein-coupled receptors including these for ␤ 2-adrenergic, -opioid, and purinergic P2Y1 agonists (Hall et al., 1998a; Li et al., 2002) . ␤-Adrenergic agonists promote NHERF association with the receptor (Hall et al., 1998a) ; similarly, an agonist for the -opioid receptor promotes NHERF association (Li et al., 2002) . Binding of NHERF to these ligandactivated GPCR decreased ligand-induced down-regulation (Cao et al., 1999; Li et al., 2002) . ␤-Adrenergic receptors that lack the COOH-terminal NHERF binding site fail to recycle from endosomes to the plasma membrane efficiently and are sorted to lysosomes (Cao et al., 1999) . Transplantation of the COOH-terminal DSLL motif that binds NHERF from the ␤-adrenergic receptor to the ␦-opioid receptor rerouted the latter from a degradative to a recycling pathway (Gage et al., 2001) . Similarly NHERF binding to the -opioid receptor increased the rate of recycling of internalized receptors (Li et al., 2002) . Recycling of ␤ 2 -adrenergic receptors is negatively controlled by phosphorylation (Cao et al., 1999) . GPCR-kinase 5 phosphorylates Ser 411 in the DSLL recognition sequence of ␤ 2 -adrenergic receptors, disrupting both NHERF interaction and recycling, resulting in increased ligand-induced receptor degradation.
Like these GPCR, binding of NHERF to EGFR enhances the fraction of receptors at the cell surface. In contrast to ␤ 2 -adrenergic receptors that efficiently recycle to the cell surface in the process of resensitization, EGFR more efficiently traffic to lysosomes where they are degraded. Although NHERF and EGFR are colocalized at the cell surface, these dissociate upon receptor-mediated endocytosis with NHERF remaining at the cell surface. The principal effect of NHERF is to retain EGFR at the cell surface. Regulated recycling of EGFR by processes such as cbl-mediated ubiquitination (Levkowitz et al., 1998) and association with the protein CAML (Tran et al., 2003) seem distinct from the effects of NHERF. Decreased rates of down-regulation enhance signaling by EGFR as assessed by prolonged auto-phosphorylation and activation of ERK. NHERF binds to the extreme COOH terminus of PDGFR and potentiates PDGF signaling in a process dependent on oligomerization of NHERF (Maudsley et al., 2000) .
PDZ domain-containing proteins affect the cell surface distribution of other erb B family members. Erbin specifically interacts with the extreme COOH terminus of erbB2 and functions to localize erbB2 to the basolateral membrane of human intestinal epithelial cells (Borg et al., 2000) and likely to postsynaptic membranes at the neuromuscular junction (Huang et al., 2001) . Expression of erbin increases erb B2 surface expression. Lin 7, initially identified in Caenorhabditis elegans as a PDZ domain protein that recognized the extreme COOH terminus of Let23, the EGFR ortholog, localizes it at the basolateral surface of vulval precursor cells (Simske et al., 1996; Kaech et al., 1998) . The PDZ domain of hLin7 binds to the extreme COOH terminus of erb B2 and stabilizes erbB2 at the cell surface (Shelly et al., 2003) . Stabilization at the cell surface seemed to result from both decreased endocytosis and increased recycling of erbB2. Interestingly an NH 2 -terminal fragment of hLin7 that interacts with the kinase domain of all erbB family members (the KID domain) seems necessary for receptor maturation and basolateral targeting (Shelly et al., 2003) .
PDZ domains in a variety of proteins thus specifically recognize receptors and function in retaining these at the cell surface. NHERF acts to retain EGFR at the cell surface principally through inhibiting ligand-induced endocytosis. This effect enhances EGFR signaling.
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